ABSTRACT Microbiota plays a role in the release and absorption of nutrients from feed components, thereby affecting digesta composition and moisture content of the excreta. The objective of the current study was to determine the effects of 5 different diets varying in ingredients (medium-chain fatty acids, nonstarch polysaccharides, and starch) on the microbiota composition of ileal digesta of broiler chickens and excreta DM content. Each treatment was repeated 6 times in cages each containing 18 Ross 308 broilers, with growth performance measured from 0 to 34 d of age and excreta DM and ileal microbiota composition analyzed at 34 d of age. Microbiota composition was evaluated using a novel ribosomal RNA microarray technology containing 370 different probes covering various genera, groups of microbial species, and individual species of the chicken gut microbiota, of which 321 had a signal above the background threshold. Replacing part of the animal fat and soybean oil in the wheat-based diet with mediumchain fatty acids (MCFA; 0.3% C10 and 2.7% C12) improved feed efficiency compared with the other dietary treatments. This coincided with a suppression of gram-positive bacteria belonging to the phylum of the Firmicutes, including Lactobacillus species, and species belonging to the family of the Enterococcaceae and Micrococcaceae, whereas the gram-negative bacteria belonging to the family of the Enterobacteriaceae were promoted. None of the other diets used in the present study notably changed the ileal digesta bacteria composition. Excreta DM content was not affected by dietary treatment. The variation between individual birds per dietary treatment was more pronounced than variation caused by feed composition, with the exception of the digesta microbiota of the birds fed the MCFA diet. It is concluded that a diet with MCFA significantly changes the ileal microbiota composition, whereas the effect of the other diets on the composition of the microbiota and excreta DM content is small in broiler chickens. ment from our group showed the dominant presence of Lactobacillus spp. in the ileum. Additionally, present in the ileum, although at lower ratios, are Streptococcaceae, Enterococcaceae, Staphylococcaceae, Enterobacteriaceae, Clostridiaceae, Coriobacteriaceae, Peptostreptococcaceae, and Micrococcaceae. Unabsorbed dietary nutrients at the end of the small intestine are a potential substrate for the microbiota in the distal gastrointestinal tract (GIT; distal ileum and ceca; Apajalahti et al., 2004) . Analysis of cecal microbial composition of birds from different commercial farms showed that feed composition is an important source of variation to modulate microbiota composition (Apajalahti et al., 2001) . Dietary changes affect substrate availability and also the composition of bacterial species within the microbiota at the distal GIT (Bedford, 2000; Rehman et al., 2008) . Diets differing in type and level of nonstarch polysaccharides (NSP; Santos et al., 2007) or containing prebiotics (Rehman et al., 2009; Yang et al., 2009 ) have been shown to be successful in changing both GIT microbiota composition and growth performance of broilers. Feeding wheat compared with corn-based diets increased small intestinal microbial diversity in broilers (Hübener et al., 2002) and turkeys (Santos et al., 2008) . Rapidly fermentable carbohydrates are hydrolyzed by the microbiota in the proximal GIT, whereas slow fermentable carbohydrates are hydrolyzed by the gut microbiota present in the distal GIT (Rehman et al., 2009) , thereby exerting their effects in different GIT segments. The use of exogenous dietary NSP degrading enzymes can alter digesta viscosity in chickens (Owens et al., 2008; Yang et al., 2009) , DM content of ileal digesta (Bergh et al., 1999) , and influence substrate availability for the microbiota resulting in changes in the microbiota in the distal GIT (Bedford, 2000) .
INTRODUCTION
Microbiota plays an important role in broilers from the moment of hatch onward. Intestinal bacteria are important for priming and maintaining an active immune system (Kelly and King, 2001; Kohl, 2012) , modulation of gut function, and protection against pathogen colonization (Kelly and King, 2001) . After hatch, the microbiota of a bird develop rapidly and a stable flora is achieved at approximately 2 wk of age (Rehman et al., 2007) . However, large variation in microbiota composition between individuals within the same management conditions and fed the same diet has been observed (Apajalahti et al., 2001; Owens et al., 2008; Torok et al., 2011) . The microbiota composition can be affected by environmental factors, genetics, and substrate availability within in the gut (Vahjen et al., 1998; Apajalahti et al., 2004) . Substrate can be of dietary or endogenous origin, such as sloughed-off epithelial cells, enzymes, or mucus (Kelly and King, 2001) . Studies have shown that the microbial composition in the ileum of broilers affect intestinal function, digestion, and nutrient absorption (Gong et al., 2002; Hübener et al., 2002) . Ileal digesta of broilers contains between 10 8 and 10 9 bacteria per gram (Gong et al., 2002; Apajalahti et al., 2004) with Lactobacillus spp. (70%), Clostridiaceae (11%), Streptococcus spp. (6.5%), and Enterococcus spp. (6.5%) being most abundant (Lu et al., 2003) . Previous analysis by 454 16S rDNA amplicon sequencing in another experi-ment from our group showed the dominant presence of Lactobacillus spp. in the ileum. Additionally, present in the ileum, although at lower ratios, are Streptococcaceae, Enterococcaceae, Staphylococcaceae, Enterobacteriaceae, Clostridiaceae, Coriobacteriaceae, Peptostreptococcaceae, and Micrococcaceae. Unabsorbed dietary nutrients at the end of the small intestine are a potential substrate for the microbiota in the distal gastrointestinal tract (GIT; distal ileum and ceca; Apajalahti et al., 2004) . Analysis of cecal microbial composition of birds from different commercial farms showed that feed composition is an important source of variation to modulate microbiota composition (Apajalahti et al., 2001) . Dietary changes affect substrate availability and also the composition of bacterial species within the microbiota at the distal GIT (Bedford, 2000; Rehman et al., 2008) . Diets differing in type and level of nonstarch polysaccharides (NSP; Santos et al., 2007) or containing prebiotics (Rehman et al., 2009; Yang et al., 2009 ) have been shown to be successful in changing both GIT microbiota composition and growth performance of broilers. Feeding wheat compared with corn-based diets increased small intestinal microbial diversity in broilers (Hübener et al., 2002) and turkeys (Santos et al., 2008) . Rapidly fermentable carbohydrates are hydrolyzed by the microbiota in the proximal GIT, whereas slow fermentable carbohydrates are hydrolyzed by the gut microbiota present in the distal GIT (Rehman et al., 2009) , thereby exerting their effects in different GIT segments. The use of exogenous dietary NSP degrading enzymes can alter digesta viscosity in chickens (Owens et al., 2008; Yang et al., 2009) , DM content of ileal digesta (Bergh et al., 1999) , and influence substrate availability for the microbiota resulting in changes in the microbiota in the distal GIT (Bedford, 2000) .
The majority of experiments reported in the literature investigating bacterial populations in the GIT of broiler chickens were based on culturing or molecular fingerprinting techniques (Gong et al., 2002; Hübener et al., 2002; Knarreborg et al., 2002) . The disadvantage of these techniques is the underestimation of microbial abundance and diversity (Kohl, 2012) . It was estimated that 90% of bacterial species cannot be cultured in laboratory conditions (Apajalahti et al., 2004) . Furthermore, fingerprint techniques fail to identify the taxonomic identity of specific bacteria (Apajalahti et al., 2001; Gong et al., 2002; Hill et al., 2002; Torok et al., 2011) . The extent to which the microbiota composition changes due to commonly used feed compositions and additives is, therefore, largely unknown (Kohl, 2012) . There have been major advances in technologies for microbiota characterization in the past years, which can better overcome the above-mentioned limitations.
The present study aimed at characterizing the effect of different diets varying in ingredients (medium-chain fatty acids, nonstarch polysaccharides and starch) on the microbiota composition of ileal digesta as well as excreta moisture content of broiler chickens at 34 d of age. In addition, the impact of the dietary treatments on production performance traits was evaluated, which is an important measure for practical broiler production. A novel ribosomal RNA microarray technology containing probes specific for the various bacterial species and groups of species present in the GIT of broilers was used to characterize microbiota.
MATERIALS AND METHODS

Birds and Housing
The experiment was performed in a broiler unit consisting of one room with 30 cages, divided over 6 blocks of 5 cages each. Five hundred forty Ross 308 male 1-dold chicks, derived from 52-wk-old broiler breeders, were purchased from a commercial hatchery (Lunteren, the Netherlands) and allocated across the 30 cages in such a way that each treatment was represented in each block. Each cage consisted of 18 birds and had similar total weights per cage within block. Average initial individual chick weight was 39.6 ± 0.15 g.
The cages (100 × 110 cm) had a raised wire floor on top of which a rubber plate was placed, which was covered with a 2-cm layer of wood shavings. Each cage was equipped with 2 adjustable cup drinkers and a feeder that was positioned inside the cage for the first 13 d. From d 14 onward, feed was supplied via a feeder trough in front of the cage. Both feed and water were provided ad libitum throughout the study. Continuous artificial lighting was maintained for 23 h/d throughout the experiment. Temperature, RH, and ventilation were computer controlled with the temperature gradually decreasing by 2.5°C per week, from 34°C on the day of arrival (1-d-old chicks) to a final temperature of 20.5°C at the end of the experiment (d 34). Room temperature was recorded continuously using data loggers, and RH was set at 50% throughout the experiment. The birds were spray-vaccinated against Newcastle disease (Poulvac NDW-vaccine) at 13 d of age. The experimental methods were approved by the Ethical Committee of the Animal Science Group of Wageningen University and Research Center, Lelystad, the Netherlands.
Bruker GmbH, ISO 12099; Bruker Optik GmbH, Ettlingen, Germany) was applied to estimate DM, crude fat, crude fiber, and crude ash content. In addition, soy protein concentrate, rapeseed meal, and rye were analyzed for Ca, P, Na, K, Mg, Zn, Cu, Mn, Fe content (ICP-AES, ISO 27085:2009; Thermo Iris Intrepid II XSP Duo, Thermo Scientific Inc., Waltham, MA), and Cl content (Ion chromatography Dionex DX-120, Thermo Scientific; Smee et al., 1978) . Finally, both the soy protein concentrate and the soybean meal were analyzed for their amino acid content (ISO/IEC 17025; TNO, Zeist, the Netherlands).
The first experimental diet (CO) was based on 65% corn, which was considered a digestible diet for a broiler with a low NSP content. For the second experimental diet (ST), the amount of slow digestible starch was increased by adding 15% pure corn starch containing 70% amylose (Hylon VII, National Starch, Manchester, UK) to the CO diet at the expense of corn and subsequently fine-tuning the diet with wheat, SBM, animal fat, soya oil, mineral sources, and synthetic amino acids to ensure an isonutritious and isocaloric diet. It was expected that this would increase the amount of undigested starch at the ileal level and thus also change the bacterial flora. The third experimental diet (WHE) was formulated using wheat (41.5%), rye (6.5%), and rapeseed meal (6.5%) to obtain a high level of NSP. For the fourth experimental diet (ENZ), an enzyme complex (Hooge et al., 2010) was added (200 mg·kg −1 ; Allzyme SSF, Alltech Inc., Nicholasville, KY) to the WHE diet. It was expected that this enzyme addition changes digesta viscosity and microbial composition compared with the WHE diet. For the final experimental diet (MCFA), 0.3% C10 (capric acid) and 2.7% C12 (lauric acid; Chempri, Raamsdonkveer, the Netherlands) were added to the WHE diet at the expense of soybean oil and animal fat. Previous experiments (E. van der Hoeven-Hangoor, unpublished) showed beneficial effects of MCFA on intestinal health and feed conversion ratio (FCR). The ingredient and chemical composition of the experimental diets is provided in Table 1 . Diets were pelleted with steam addition (approximately 80°C) at 2.5 mm (starter diets) and at 3.0 mm (grower diets). After production, all diets were analyzed for CP (combustion, ISO 16634) 
Data Collection
Bird weights were recorded per pen at the start of the experiment (d 0) and for individual birds at 6, 13, 20, 27, and 34 d of age. In addition, feed consumption for each pen between weighing was recorded on the same days as the birds were weighed. Based on BW gain and feed consumption, FCR (kg of feed consumed/kg of weight gain) was calculated. Additionally, a corrected FCR was calculated for a final BW of 1,804 g using a correction factor of 0.03 points for each 100-g weight difference (WUR Livestock Research, 2011) .
At 34 d of age, the litter and the rubber plate were removed from all cages, leaving the birds on the wired floor, and metal plates were placed underneath the cages to facilitate excreta collection. All excreta were collected per cage with feathers and feed particles carefully removed. Excreta samples were homogenized directly after collection, pH was measured by inserting a pH electrode (CyberScan pH 11, Eutech Instruments Pte Ltd., Singapore) immediately after collection, and a representative subsample was taken for DM analysis (predried at 70°C for 16 h, ground, and subsequently dried at 103°C for 4 h). Additionally, 3 broilers were randomly selected from each cage and weighed before being killed by cervical dislocation. From these birds, the pH of the digesta in the mid-ileum (halfway between Meckel's diverticulum and the ileal-cecal junction) and of the ceca were determined by inserting a pH electrode (CyberScan pH 11, Eutech Instruments Pte Ltd.) immediately after exposure of the GIT segment. Data of the 3 birds per cage were averaged. Furthermore, digesta was collected from the mid-ileum. For profiling the microbiota in the mid-ileum using polygenetic microarray targeting 16S rRNA gene sequences, 16 individual birds per treatment were randomly selected based on available total space on the microarray (80 in total).
Microarray Construction and Analysis
The chicken intestinal microarray used in this study was constructed as described previously for the oral microbiota array for children (Crielaard et al., 2011) and the human intestinal microbiota array (Ladirat et al., 2013) . For the chicken intestinal microarray, oligonucleotides based on the 16S rRNA gene sequences and Enterobacteriaceae hsp60 gene sequences were used. The 16S rRNA gene sequences were defined based on sequences of the small subunit ribosomal RNA gene V5-V6 region derived from individual chicken ileal and cecal samples collected from 454 pyrosequencing of PCR amplicon libraries using ARB software (Ludwig et al., 2004 ) and a RDP database (Cole et al., 2007) . Species-specific probes, probes representing groups of species (at higher taxonomic levels: genus, family, order) and a general eubacterial probe were selected. Short oligonucleotide sequences were selected with a melting temperature of 60°C according to the Wallace rule (Wallace et al., 1979) . All oligonucleotides to be spotted on the arrays contained a 5′ NH 2 -C 6 extension for improved attachment on the microarray surface. Oligonucleotides were dissolved individually in a 50 mM phosphate buffer (pH 9) giving a final concentration of 25 µM oligonucleotide solution. By using TeleChem SMP3 quill pins in an SDDC-2 Eurogridder (BioRad, Veenendaal, the Netherlands) 0.03 pmol of each oligo- nucleotide is spotted on the CodeLink slide (Surmodics Inc., Eden Prairie, MN), giving a spot of 100 µM in diameter. After spotting microarray slides were crosslinked according to the manufacturer's instructions and stored at room temperature. The microarray contains 370 different probes covering the various bacterial genera, groups of species, and various individual species naturally present in the microbiota of the chicken gut. The construction of this microarray followed a similar method previously described for the human intestinal microarray (Ladirat et al., 2013) . The performance of the intestinal microarray was evaluated according to the criteria described and evaluated by Crielaard et al. (2011) . The DNA for microarray analysis was isolated from 200 mg of ileal digesta material. As a starting point, ileal digesta samples were homogenized using zirconium beads (0.1 mm) and phenol in a BeadBeater (BioSpec Products Inc., Lab Services B.V., Breda, the Netherlands) set for 2 min. After cooling on ice, the samples were centrifuged and the DNA isolated from the supernatant using a commercial DNA isolation kit (Agowa, LGC Genomics, Berlin, Germany), following the manufacturer's instructions. Bacterial ribosomal sequences were universally amplified and labeled in a PCR reaction containing the combination of 2 forward primers 16s-8-F (5′-AGAGTTTGATCHTGGYTCAG-3′) and 16s-8-BIF (5′-TGGCTCAGGATGAACGCTG-3′) both having a 5′ phosphor modification in combination with the reverse primer 16s-1061-R (5′-TCACGRCAC-GAGCTGACGAC-3′) containing a 5′-C6 Cy3 modification. In the same PCR reaction, the Enterobacteriaceae hsp60 gene sequences were amplified using the forward primer Entero(Hsp60)-F (5′-GGTAGAAGAAGGC-GTGGTTTGC-3′) having a 5′ phosphor modification and reverse primer Entero(Hsp60)-R (5′-ATGCATTC-GGTGGTGATCATCAG-3′) containing a 5′-C6 Cy3 modification.
After amplification, the PCR amplicons were purified by passing through a Sephadex column (Autoseq G-50, GE Healthcare Biosciences, Diegem, Belgium) following the manufacturer's instructions. The samples were dried by speed-vacuum centrifugation, resuspended on a mixture of 0.5 µL of Strandase enzyme (NovaGen, Merck Chemicals B.V., Amsterdam, the Netherlands), 1 µL of Strandase buffer, and 6.5 µL of water was added and incubated for 30 min at 37°C, followed by inactivation of the enzyme during 10 min at 75°C. Next, 12 µL of water was added to the solution, DNA was purified again with an Autoseq G-50 column and dried. The concentration and integrity of the PCR product (1,053 bp) and single-stranded DNA were analyzed by electrophoresis on an ethidium bromide-stained agarose gel. The single-stranded sequences were dissolved in 40 µL of hybridization buffer (Easyhyb, Roche Diagnostics Netherlands B.V., Almere, the Netherlands) and the solution was heated for 2 min in a thermoblock at 95°C. Oligonucleotide microarray slides were covered with hybridization mix and coverslips and were placed in an incubator shaker during 4 h (37°C and 170 rpm) . After hybridization, the slides were washed with 1 × SSC, 0.2% SDS, then 0.5 × SSC at 37°C. Two additional washing steps were conducted at room temperature: 5 min of 0.2 × SSC at 280 rpm. The slides were dried with N 2 flow and scanned with a ScanArray Express 4000 Scanner at 10-µm pixel size (Perkin-Elmer Netherlands B.V., Groningen, the Netherlands).
Analysis of Microarray Data
Imagene 5.6 software (BioDiscovery, Hawthorne, CA) was used to analyze the results of the microarray analysis. Signals were quantified by calculating the means of all pixel values of each spot and calculating the local background around each spot. Spots with signal to background ratio >2 were selected for further analysis. To discard data resulting from technical noise, the minimal number of observations with results more than 2 times above its local background for each spot was set to 10. The spots were scaled based on the highest individual signal to background ratio for each spot where the fluorescent signal divided by the background fluorescent signal was set to 150. The obtained data matrix was used for hierarchical clustering as an unsupervised tool to observe overall similarities between individual samples and supervised biostatistical procedure (Saeed et al., 2003) analysis to identify markers significantly different between predefined groups (TIGR MeV, JCVI, Rockville, MD). Euclidian distance was used as the metric distance and when appropriate complete linkage clustering was performed.
Statistical Analysis
For comparison of the different treatments, all data were subjected to mixed model analysis using the PROC MIXED procedure in JMP (version 9.2, 2008, SAS Institute Inc., Cary, NC) according to the following statistical model:
where Y ij = specific trait measured for each experimental unit, µ = overall mean for the specific trait, τ i = fixed effect of treatment (i = I, II, III, ..., V); B j = random block effect (j = 1, 2, 3, ..., 6), and ε ij = residual error term. Cage was the experimental unit. Least squares means were separated using Tukey's honestly significant difference. Least squares means were assumed to be significantly different based on the probability of P < 0.05 unless another probability value is stated.
RESULTS
Performance
Mortality rate was high in present experiment with 8.6%, although no significant differences between dietary treatments were found (data not shown). No explanation for the high mortality was identified, and no clinical signs of disease were observed, although it may be indicative of some subclinical disease challenge during the experiment. There was a significant effect of dietary treatment on technical performance traits. The ST diet resulted in a higher (P < 0.0001) BW gain from 0 to 13 d of age by 7.1% and feed intake by 7.4% compared with the CO diet ( Table 2 ). There was no difference in FCR from 0 to 13 d of age between the CO and ST diet. From 13 to 34 d and from 0 to 34 d of age there were no differences in BW gain, feed intake, and FCR between the CO and ST diet. Adding the enzyme complex to the WHE diet did not improve BW gain, feed intake, or FCR during any time period (Table 2) . Replacing animal fat and soybean oil in the WHE diet with MCFA (and 4.4 g·kg −1 wheat) improved (P < 0.0001) BW gain from 0 to 13 d of age by 8.7%. No difference in feed intake was observed between the MCFA and the WHE diet. Feed conversion ratio of the MCFA diet improved by 5.4% (P = 0.003) from 0 to 13 d of age and by 5.2% (P < 0.0001) from 0 to 34 d of age. Feed intake from 0 to 34 d of age was higher for the CO and ST diets compared with the WHE, ENZ, and MCFA diets (Table 2 ). Feed conversion ratio was lower for the ENZ and MCFA diets compared with the WHE, CO, and ST diets. However, when corrected for final BW, the FCR of the MCFA diet was lower compared with the other 4 diets.
Microbiota
Analysis of the ileal digesta microbiota of the different birds by using the intestinal microarray in this study provides an insight into the diversity of the microbiota between individual birds. As general eubacterial probes were present on the chip, the array data provide a semiquantitative insight into the presence of specific taxonomical entities in the microbiota sampled from the birds. A total of 321 probes, out of the 370, showed a positive signal when analyzing the microbial composition of the ileal digesta. Hierarchical clustering of the ileal digesta microbiota of the individual bird samples did not show a full clustering based on the type of diet (Figure 1) . The variation between individual birds per dietary treatment was more pronounced than variation caused by feed composition, with the exception of the digesta microbiota of the birds fed the MCFA diet. Figure 1 shows a clear clustering of the microbiota composition of 10 from the 16 individual birds fed the MCFA diet compared with the other 4 diets. Additional significance analysis of microarrays (Saeed et al., 2003) of the effect of the MCFA diet on the ileal digesta microbiota compared with the other diets is shown in Figure 2 . The MCFA diet suppressed many species belonging to the phylum of the Firmicutes including Lactobacillus species and species belonging to the family Micrococcaceae and Enterococcaceae. In contrast, the MCFA diet promoted species belonging to the genus Enterobacteriaceae and specific Lactobacillus species compared with the other 4 diets.
Three bacterial groups were promoted in the ileal digesta of birds fed the WHE compared with the CO diet ( Figure 3) : Staphylococcus spp., including the species Staphylococcus aureus, and Brenneria species (Enterobacteriaceae).
Feeding the ENZ diet significantly suppressed several bacterial groups compared with the WHE diet: Brachybacterium spp., including the species Brachybacterium muris and Brachybbacterium rhamnosum; Brevibacterium spp.; Brenneria spp.; Lachnospiraceae; Corynebacterium spp., including the species Corynebacterium lipophiloflavum and Corynebacterium tuberculostearicum; and Staphylococcus aureus (Figure 4 ).
Digesta pH
The pH of the digesta in the ileum was not affected (P = 0.88) by diet composition (Table 3) . Ceca digesta pH was lower (P = 0.005) for the MCFA diet compared with the CO and ST diet, and not different between the different wheat-based diets. Effect means within columns with no common superscript differ significantly (P < 0.05). 1 n = 6 replicates for all treatments. pH value is an average of 3 birds per cage. 2 MCFA = medium-chain fatty acids (Chempri, Raamsdonkveer, the Netherlands).
Excreta
Excreta DM content at 34 d of age was not affected (P = 0.58) by any of the dietary treatments (Table 3) . Also, excreta pH at 34 d of age was not affected by dietary composition (P = 0.68).
DISCUSSION
The MCFA diet showed the most clear and significant effect on the GIT microbiota of the ileum. The other diets used in the present study did not affect ileal digesta microbiota composition notably. The MCFA diet suppressed and promoted several bacterial species compared with the 4 other diets. The suppressed bacteria included many gram-positive bacteria belonging to the phylum of the Firmicutes including several Lactobacillus species and species belonging to the family Micrococcaceae and Enterococcaceae (Figure 2 ). The promoted species belonged mainly to the gram-negative family Enterobacteriaceae and some minor species at a low level of detection belonging to the genus Lactobacillus. The results indicate that minor species belonging to the genus Lactobacillus are promoted in the presence of MCFA while prominent Lactobacillus species are suppressed. The changes in Lactobacillus species coincides with a high abundance (70%) of Lactobacillus presents in the broiler ileum, whereas Enterococcaceae have previously been detected at a level of 6.4% (Lu et al., 2003) .
The suppression of several gram-positive bacteria species and groups of species is in line with findings of Kabara et al. (1972) and Skřivanová et al. (2005) , who found higher fatty acid sensitivity in gram-positive bacteria compared with gram-negative bacteria. Enterocococcus hirae was previously detected in poultry intestines by Farrow and Collins (1985) and held responsible for growth depression, higher FCR, and increased mortality in broilers (Chadfield et al., 2005) . The reduction in Lactobacillus spp. at the ileum induced by the MCFA diet could result in a reduced bile salt deconjugation by these bacteria. Guban et al. (2006) found improved BW gain and FCR in broilers fed antimicrobial drugs (bacitracin and monensin), consistent with a reduction in Lactobacillus salivarius responsible for deconjugation of bile salts in vitro. Additionally, Torok et al. (2011) found an association between the presence of a specific taxonomic unit, potentially representing L. salivarius, L. avaiarius, and L. crispatus, and reduced production performance in broilers. The MCFA diet could exert its effect via different pathways. Medium-chain fatty acids can have a direct inhibiting effect on bacteria (Kabara et al., 1972; Skřivanová et al., 2005) , or indirect effects via endogenous systems such as the immune system (Lee et al., 2001) .
Substrate limitation could increase competition between microbial species and thereby change the composition of the microbiota, a process called competitive exclusion. A change in pH value could be indicative of changed production of short-chain fatty acids by bacteria during fermentation (Engberg et al., 2004) . Although the ST diet was intended to increase substrate availability for the microbiota in the distal GIT and, thereby, possibly affect digesta pH, the pH of the ileal and cecal digesta of birds fed the ST diet was similar to the CO diet (Table 3) . Furthermore, no changes in ileal digesta microbiota between the CO and the ST diets were observed in this present study. In agreement with our findings, Rehman et al. (2008) found no effect of inulin on microbial community composition in the ceca. Possibly, the short transit time of the digesta limits the time of exposure of starch molecules to the microbiota and thus reduces the capacity of the microbiota to ferment resistant starch (Thompson et al., 2008; Choct et al., 2010) . Adding an NSP enzyme complex to the wheat-based diet reduced the signal level of several microbial species measured by microarray in the ileal digesta compared with the WHE diet (Figure 4) , indicating a reduction of their presence in the ENZ diet. This finding seems to confirm that enzymes reduce substrate availability in the distal GIT for some bacterial species. However, this could not be linked to changes in ileal or cecal digesta pH observed between the WHE and ENZ diets. The reduced presence of specific bacterial groups in the ileal digesta when the ENZ diet was fed is consistent with the findings of Owens et al. (2008) , who reported reduced ileal digesta Lactobacillus spp. and coliform counts after xylanase supplementation. In contrast, Vahjen et al. (1998) found increased mucosa tissue-associated Lactobacillus species and reduced enterobacterial and gram-positive coccal counts, but no differences in luminal counts when a xylanase was fed. Response differences to enzymes may be related to dietary ingredients used, digestibility of the diet, bird strain, and age as reviewed by Bedford and Cowieson (2012) . The hybridization level of Staphylococcus spp., including Staphylococcus aureus, and Brenneria species (Enterobacteriaceae) was higher in the ileal digesta of birds fed the WHE compared with the CO diet. Although no quantitative data on the abundance of the species is provided with the technique used, the presence of Staphylococcus was previously detected in the ileum at 1% by Lu et al. (2003) .
Besides the effect of the MCFA diet on ileal digesta microbiota, the MCFA diet also reduced the pH of the cecal content. The causal relation between the MCFA diet composition and reduced cecal pH is not completely understood. Possibly, the production of shortchain fatty acids by the microbiota was affected as a consequence of alterations of cecal bacteria composition, leading to a reduction in luminal pH (Buddington, 2001) or the volatile fatty acids produced may affect microbial composition (van Der Wielen et al., 2000) .
When analyzing the individual microbial profiles, a large variation between individuals within a dietary treatment group was found (Figure 1 ). This variation in microbiota occurred between individual birds with the same genetics and housed in the same environment.
Similarly large individual bird variation was observed by Apajalahti et al. (2001) , Owens et al. (2008) , and Torok et al. (2011) . The source of this individual variation seems to be something other than genetics or dietary in origin, and may be related to other factors such as social hierarchy affecting stress, early life immunological development, and epigenetic factors. As a result, pooling samples of birds from the same experimental unit may therefore mask pronounced differences between individual birds and should be avoided (Bedford and Cowieson, 2012) .
Feeding the birds diets containing similar contents of ME and apparent fecal digestible lysine, methionine + cystine, threonine, and valine resulted in similar final BW (Table 2 ). Feed conversion ratio was numerically reduced by feeding the wheat-based compared with the corn-based diet. However, this cannot be fully attributed to the difference in basal grain, as other ingredient inclusions (e.g., added fat) also changed to facilitate equal ME and AA content diet formulation. The MCFA diet reduced FCR compared with the WHE and ENZ diet. However, this could be related to a numerically lower final BW of the birds fed a wheat-based diet and a subsequent lower maintenance requirement. When correcting the FCR to an equal final BW, using a correction factor of 0.03 points per 100 g of BW, FCR was lower for the MCFA diet compared with the other 4 diets. This finding may coincide with the difference in ileal digesta microbiota caused by the different dietary compositions and confirms the findings of Farrow and Collins (1985) , Guban et al. (2006) , and Torok et al. (2011) . These authors found a positive relationship between reduced numbers of Entercococcus hirae and a specific taxonomic unit, potentially representing several Lactobacillus species, and feed efficiency in broilers. It should, however, be noted that the changes in ileal bacteria profile cannot be attributed to MCFA alone, but could also be a result of other changes in the diet composition (e.g., 0.65% more wheat and reduced animal fat and soya oil content) compared with the WHE diet. These changes were necessary to keep an equal ME and amino acid content between diets.
It was hypothesized that a change in nutrient load in the ileum could increase osmotic pressure in the distal GIT, resulting in an increased water output (Choct and Annison, 1992) . However, excreta DM was not affected by any of the diets in the current experiment (Table 3) . This implies that the changes found in the ileal digesta microbiota in this experiment did not affect excreta moisture output. These results are in line with findings by Dänicke et al. (1999) and Engberg et al. (2000) , who reported no differences in digesta DM with xylanase or ionophore antibiotic supplementation, respectively, even though ileal and cecal microbial differences were present.
In summary, none of the diets varying in ingredients (cereal, enzyme) that can affect the GIT microbiota and used in the present study notably changed ileal digesta bacterial composition, except for the MCFA-containing diet. The latter suppressed the gram-positive Firmicutes including Lactobacillus species and species belonging to the family Enterococcaceae and Micrococcaceae. The changes in ileal microbiota composition coincided with improved feed efficiency but had no effect on excreta DM content. The array approach can be seen as a holistic approach to identify significant changes in the microbiota as a consequence of dietary composition differences. The identification of species correlating with, in this case, specific diet conditions provides a further basis for more "reductionistic" studies to precisely identify relevant changes in the microbiota by techniques such as culturing specific species or quantitatively detecting them by using specific qPCR detection approaches. Ultimately that can be a basis for causality studies. Such more in-depth studies regarding the relationship of specific bacteria species with production performance are required to define healthy changes in the microbiota profile of broilers.
